Abstract Based on a classical model of the basal ganglia thalamocortical network, in this paper, we employed a type of the deep brain stimulus voltage on the subthalamic nucleus to study the control mechanism of absence epilepsy seizures. We found that the seizure can be well controlled by turning the period and the duration of current stimulation into suitable ranges. It is the very interesting bidirectional periodic adjustment phenomenon. These parameters are easily regulated in clinical practice, therefore, the results obtained in this paper may further help us to understand the treatment mechanism of the epilepsy seizure.
Introduction
Absence epilepsy is one kind of generalized non-convulsive brain seizure disease, mainly occurred in childhood (Loiseau et al. 1995) . The typical features of absence seizures are transient loss of consciousness, and then suddenly stop, at the same time, along with the specific electrophysiological characteristics, i.e., bilateral synchronous spike wave discharges (SWDs) with slow oscillation frequency (2-4 Hz) (Loiseau et al. 1995; Crunelli and Leresche 2002) , which usually shown on the electroencephalogram (EEG) [which also used to check other brain nerve diseases, such as the Parkinson's disease (Yi et al. 2017 )] of patients. The brain anatomical structure and medical experiments have shown that the SWDs of absence seizures mainly induced by abnormal interactions between the cortex and thalamus neurons, they form the cortical-thalamic (CT) loop system. The CT network is an important anatomical structure of the brain, the firing activity of which is closely related to the neurophysiological state of the brain, such as sleep, epilepsy seizure, etc. The physiological activity record of the cerebral cortex and thalamus on rodent models and clinical patients is the direct evidence of epileptic seizure arising from the CT system (Marescaux and Vergnes 1995; Coenen and Luijtelaar 2003) . Subsequently, there have developed many concepts on the pathophysiology of epilepsy, such as the cortical focus theory (Meeren et al. 2005 ). At present, there are also many mathematical models, especially the mean field model, used to study the pathogenesis of epilepsy and have obtained a series of results are in good agreement with experiments (Robinson et al. 2002; Rodrigues et al. 2006 Rodrigues et al. , 2009 Takeshita et al. 2007; Marten et al. 2009a, b; Wilson et al. 2006; Case and Soltesz 2011; Dadok et al. 2012; Chen et al. 2014 Chen et al. , 2015 Hu et al. 2017; Paz et al. 2011; Paz and Huguenard 2015) . Breakspear et al. employed the bifurcation analysis to give an unifying mechanism of primary generalized seizures . The detailed cellular and network mechanisms of genetically-determined absence seizures referred to (Pinault and O'Brien 2005) . The gap junctions also play an important role in the process of epileptic seizure (Volman et al. 2011 ). Volman and Perc found that the rewiring and forming of new links between neurons may greatly affect the generation of seizures (Volman and Perc 2010) . Recently, Fan and Wang et al. discussed the disinhibition-induced transition mechanism between absence and tonic-clonic seizures in detail (Fan et al. 2015) . The basal ganglia, as a functional unit of the brain, mainly comprise of the striatum neurons, the substantia nigra pars reticulata (SNr) neurons, the globus pallidus external (GPe) segment neurons, the globus pallidus internal (GPi) segment neurons and the subthalamic nucleus (STN) neurons. From the perspective of anatomical structure, the basal ganglia have close input and output relationships with the thalamocortical system. It mainly receives excitatory signals from the cortex and thalamus, and in turn sends inhibitory projections to the thalamus. There have many studies indicated that the physiological activities of basal ganglia can crucially affect the onset of epilepsy disease (Deransart et al. 1998; Deransart and Depaulis 2002; Slaght et al. 2002; Rektor et al. 2013; Arakaki et al. 2016) . Therefore, it is a natural idea to consider the basal ganglia as the therapeutic target to inhibit epileptic seizures, such as the deep brain stimulation (DBS) technology. There have many studies shown that the DBS acted on basal ganglia was very effective to control some brain nerve diseases, such as parkinson's disease (Cunha et al. 2015; Hemptinne et al. 2015; Fasano et al. 2015; Sweet et al. 2014; Wichmann and DeLong 2016) . Though, there have also some researches implied that DBS acted on the STN (Chabards et al. 2002; Feng et al. 2014; Handforth et al. 2006; Lee et al. 2006 ) may also effective to control epilepsy, the theoretical mechanisms are still unclear and the related basal ganglia mathematical model study involved little.
The DBS is currently the main ''invasive treatment'' method of brain neural diseases (Krishnamurthi et al. 2012; Schtt and Claussen 2012) , one of its main targets is the subthalamic nucleus (STN). A number of clinical and experimental studies have shown that this technique is very effective in the treatment of intractable epilepsy that is difficult to control with drugs (Rahman et al. 2010; Chambers and Bowen 2013; Vonck et al. 2013; Child et al. 2014; Paz et al. 2013; Krishna and Lozano 2014) . For example, Handforth et al. pointed out that the bilateral subthalamic deep brain stimulation was efficacy and safety for treating the refractory partial-onset epilepsy (Handforth et al. 2006 ). Feng et al. studied a virally mediated transsynaptic tracing in transgenic mouse model, and found that stimulating the dorsal portion of subthalamic nucleus may be a viable therapeutic approach in pharmacoresistant epilepsy (Feng et al. 2014) . There are also some theoretical model researches explored stimulus driven control mechanism of seizures. Such as, Taylor et al. (2014) based on real-time spike-wave position detection, developed an adaptive approach to find optimal stimulation parameters patient-specifically. Recently, Taylor et al. (2015) shown that optimal control protocols may be found for heterogeneous brain connectivity of different patients, based on seizure abatement. Shan et al. (2015) explored the closed loop iterative learning control mechanism of epilepsy in a neural mass model. Sorokin et al. (2017) pointed out that rapid real-time switching between the phasic and tonic firing in thalamocortical neurons can realize bidirectional control of epileptic seizure. Recently, there are also some studies involved turning neuronal dynamics to appropriate rhythm, the results of which may closely relative to epileptic rhythm control. Such as, Guo et al. (2016) found that autaptic transmission of neurons can modulate irregular neuronal firings by turning the frequency of burst firing. And then, Guo et al. (2016b) explored the possible roles of autaptic inhibition in regulating the firing dynamics of fastspiking interneurons. However, the treatment mechanism of deep brain stimulation is still unclear, especially, the research based on the mean-field mathematical theoretical model is seldom involved.
In this paper, based on a classical basal ganglia thalamocortical (BGCT) model (Chen et al. 2014 (Chen et al. , 2015 Hu et al. 2017) , we employed a type of the deep brain stimulus voltage on the STN to study the control mechanism of absence epilepsy seizures. We found that the seizure can be well controlled by turning the period (P) and the duration (D) of current stimulation into suitable ranges. It is the very interesting bidirectional periodic adjustment phenomenon. The data used in this paper are taken from real experiments, and the two parameters P and D may be both easily adjusted in clinical practice. Therefore, the results obtained can further help us to understand the therapeutic mechanism of epilepsy, might also have some guiding significance for the choice of clinical treatment scheme in future.
Model and numerical calculation method
The model introduced
In this section, we first give the schematic model in Fig. 1 (Chen et al. 2014 (Chen et al. , 2015 Hu et al. 2017) , which contains nine neural populations. In order to facilitate the following description , they are abbreviated as follows, e = excitatory pyramidal neurons (EPN); i = inhibitory interneurons (IIN); r = thalamic reticular nucleus (TRN); s = specific relay nuclei of thalamus (SRN); d 1 = striatal D1 neurons; d 2 = striatal D2 neurons; p 1 = substantia nigra pars reticulata (SNr); p 2 = globus pallidus external (GPe) segment; f ¼ subthalamic nucleus (STN). There are three types of synapse connections in the network, distinguished by different line types and heads in Fig. 1 . The excitatory projections mediated by glutamate are represented by lines with arrows, and round heads mean inhibitory projections regulated by GABA A (solid line) and GABA B (dotted line), respectively. I DBS Ã R is the deep brain stimulation voltage, where, the I DBS is the deep brain stimulation current, R is a fixed resistor, in order to simplify, we set R = 1 mX in the numerical calculation. In this paper, the current used is a common square wave stimulation current, a typical shape is illustrated in Fig. 2 . The mathematical expression is as follows (Rubin and Terman 2004) ,
where H is a Heaviside step function, such that HðxÞ ¼ 0 if x\0 and
A is the amplitude of DBS current, P is the period of DBS current, D is the duration of positive input in one period. By simplifying the mean field model, we can study the macroscopic dynamical behavior of each nerve population effectively in the follow. Firstly, for each nerve nucleus ''a'', the dependency relation of the mean firing rate Q a on the cell-body potential V a is described as a sigmoid function curve (Albada et al. 2009; Albada and Robinson 2009b) ,
where a ¼ e; i; r; s;
is the maximum firing rate, h a is the mean threshold potential, and r is the standard deviation of firing thresholds. When the membrane potential V a exceeds the threshold potential h a , the neural population will fire with the average firing rate Q a .
The variation of the average cell body voltage of the nuclear ''a'' is described by the following equation (Albada et al. 2009; Albada and Robinson 2009b) , 
where the differential operator D ab is the dendritic and synaptic integration of the incoming signal. a and b represent the decay and rise rate of the cell-body potential, respectively. v ab is the coupling strength value from the neural population of type ''b'' to type ''a''. A is a set of populations projecting to the population ''a''. Sðm ab ) represents a positive or negative signal. Specifically, if the projection from ''b'' to ''a'' is excitatory, then Sðm ab Þ ¼ 1; otherwise, Sðm ab Þ ¼ À1. / b ðtÞ is the output pulse rate from the neural population of type ''b''. For the sake of simplicity, we do not consider the delay of signal transmission between nerve nuclei. However, the receptor GABA B acts via second messenger process, we introduce a time delay parameter s on the pathway ''TRN ! SRN'' to depict its slow dynamics. Therefore, we need a delay differential equation to describe the signal transfer from TRN to SRN Albada et al. 2009; Albada and Robinson 2009b) . Note that the delay is not the main factors to consider in the paper, in addition to special instructions, we all set s ¼ 0:05 s. Finally, the propagation effect of field / a to other populations is described by a damped wave equation, the speed of propagation is v a (Albada et al. 2009; Albada and Robinson 2009b) ,
where c a ¼ v a =r a is the damping rate, and r a is the characteristic axonal range. In fact, all axons of populations except the excitatory pyramidal neurons are too short to support the pulse propagation, it is indicated that / c ¼ FðV c Þðc ¼ i; r; s; d 1 ; d 2 ; p 1 ; p 2 ; fÞ Albada et al. 2009; Albada and Robinson 2009b) . Thus, we only use a damped microwave equation with a source term Q e ðtÞ to simulate the transmission effect of the signal on the cortical surface due to the remote excitatory connection Albada et al. 2009; Albada and Robinson 2009b) ,
/ e ðtÞ ¼ Q e ðtÞ ð6Þ
Because the connections within the cortex are proportional to the number of synapses involved, similar to previous studies Albada et al. 2009; Albada and Robinson 2009b) , here, we can also further simplify our model, i.e., set V i ¼ V e and Q i ¼ Q e .
Finally, in order to facilitate the numerical calculation, we rewrite the above Eqs. (1)- (5) 
where the parameter / n denotes the constant nonspecific subthalamic input onto SRN. Unless otherwise noted, all the parameter values used for the numerical calculation listed in ''Appendix''. These values are all derived from real physiological experiments, which appeared in many previous studies.
Numerical simulation method
All simulations are carried out in the MATLAB environment, and the dynamic equations are solved by the standard four order Runge-Kutta method. We should also illustrate that the step size employed in numerical calculations is 0.00005 s, which is small enough to verify exact solutions of the equation. In all simulations, we used a random initial condition at each parameter point. Firstly, we study the transfer behavior between different states by using the bifurcation analysis method over the inhibitory coupling strength parameter Àv sr on the pathway ''TRN ! SRN'' (Fig. 3a) . Fig. 5b ). The study result shows that the frequency of EPN shock mainly fall in the range of 2-4 Hz, which is the typical frequency range of absence epilepsy. In order to better understand the control mechanism of seizures, in some places, we simulated the average discharge rates (MFRs) of several critical populations (such as, Fig. 7d ). In this paper, we suppose that the seizure induced by the inhibitory coupling strength of the pathway ''TRN ! SRN''.
The onset mechanism of the absence seizure induced by Àv sr Figure 3a (2) is a periodic oscillation, oscillation frequencies appear four extreme points in one period. The simple oscillation state (3) is a kind of periodic oscillation, similar to sine wave, it is usually represented a transitional state between the normal state and seizures, caused by Hopf bifurcation. The low frequency discharge state (4) refers to the brain concussion phenomenon with low frequency, it represents the normal state of the brain.
This transfer mechanism is easily explained in Fig. 1 . Àv sr is the inhibitory coupling strength on the pathway ''TRN ! SRN'', increasing of Àv sr can lead to the decreased activation level of SRN, thus the excitatory output from SRN to EPN will also be reduced, finally, the activation level of EPN decreased. Therefore, with the increase of Àv sr , the discharge activity level of EPN gradually decreased, four states (1)-(4) appeared successively. In order to better understand this mechanism, we simulate the MFRs of EPN in Fig. 4 . In Fig. 4 , we find that the average oscillation frequency of EPN decreases gradually, as increasing of Àv sr , which agrees with the above analysis.
Main results
In this section, we employ the deep brain stimulation voltage on STN to study the effect of the period P and duration D of current stimulation on the epileptic seizure.
Control seizures by changing the period of stimulation current
Seizures are mainly produced in the thalamocortical network, SNr is the major output nucleus from the basal ganglia to the thalamus. Based on anatomical structure and function, the thalamus can be divided into the thalamic reticular nucleus and thalamic relay nuclei, and the relative connection strength between the pathway ''SNr ! TRN'' and the pathway ''SNr ! SRN'' is uncertain (Chen et al. 2014 (Chen et al. , 2015 Hu et al. 2017; Albada et al. 2009; Albada and Robinson 2009b; Shimo et al. 2014) . The pathway ''SNr ! TRN'' is often For a more comprehensive study on anatomical structure of the brain, in this paper, we consider together the effect of the pathway ''SNr ! TRN'' and pathway ''SNr ! SRN'' on seizures. Firstly, we assume that there is no connection from SNr to TRN, i.e., v rp 1 ¼ 0 mV s, only considering the control effect of the pathway ''SNr ! SRN''. We study the control effect on the two-dimensional parametric plane (Àv sr ; P). Figure 5a shows the bifurcation diagram of the states. Four different states appeared on EPN as increasing of Àv sr . Seizure activity can be effectively controlled by turning the period P into some suitable intervals, indicated by bidirectional arrows (marked in the attack intervals) in Fig. 5a . It is an interesting bidirectional periodic alternating phenomenon. Figure 5b is the dominant frequency analysis diagram corresponding to Fig. 5a . In Fig. 5b , we clearly see that the frequency of seizures in the model mainly falls within the range of 2-4 Hz, which is the typical absence seizures status. Figure 5c is a specific state bifurcation diagram obtained by setting Àv sr ¼ 0:6 mV s in Fig. 5a , it is shown the apparent transition phenomenon between SWDs oscillation and low frequency oscillation. Figure 5d is the variation trend of MFRs of EPN with increasing of P, obtained by setting Àv sr ¼ 0:6 mV s, which compares well with Fig. 5c . We think the DBS will ultimately affect the firing activation level of EPN, so the Fig. 5d may help us to better understand the control mechanism.
Secondly, we assume that v sp 1 ¼ 0 mV s, to study the control effect of the single pathway ''SNr ! TRN'' on seizures. Figure 6a is the corresponding state region bifurcation diagram. The model appearing four different states (1)-(4) with varying of Àv sr . Seizures can also be controlled by turning P into some appropriate intervals, indicated by bidirectional arrows in Fig. 6a . Figure 6b is the dominant frequency analysis diagram. Figure 6c, Fig. 6a , respectively. Figure 6c shows that the seizure controlled through the transition to the saturated state; Fig. 6d implies that the seizure also may be inhibited through transferring with the low frequency oscillatory state. Figure 6e is the MFRs of EPN obtained by setting the same parameter with Fig. 6d . MFRs level appears periodic alternation, the tread fits with the bifurcation situation in Fig. 6d .
Finally, we suppose that SNr has outputs both to TRN and SRN. In this case, we set v sp 1 ¼ 0:035 mV s and v rp 1 ¼ 0:035 mV s, they are both within the reasonable range of biology significance. Figure 7a is the state regional bifurcation diagram. There are four different states appeared in EPN with varying of parameters. If we adjust the period P to appropriate values, denoted by bidirectional arrows in Fig. 7a , the seizure state (2) can be well controlled. The corresponding dominant frequency analysis is shown in Fig. 7b . A specific bifurcation diagram of / e over the period P obtained by setting Àv sr ¼ 1:2 mV s in Fig. 7a . It can be observed from Fig. 7c that there is an obvious shift between the epileptic seizure state and the simple oscillation state. Fig. 7d is the MFRs of EPN, SNr, STN, SRN and TRN, respectively. It is shown that the overall change trend of MFRs for these critical populations is consistent with the bifurcation diagram in Fig. 7c .
Control seizures by changing the duration D of stimulation current in one period
Similar to the study of ''Control seizures by changing the period of stimulation current'' section, here, we also fully consider the connection between SNr and thalamus. The following research is divided into three parts, and we consider the control effect in the plane (Àv sr ; D) .
First of all, we suppose that v rp 1 ¼ 0 mV s. Figure 8a is the bifurcation diagram of four states. We can see from the arrows in Fig. 8a that if the parameter D falls into appropriate intervals, the seizure can be well controlled via transferring to the low frequency oscillation state. Figure 8b is the corresponding frequency analysis results. Figure 8c is a typical bifurcation diagram obtained by letting Àv sr ¼ 0:6 mV s in Fig. 8a . It shows the obvious transfer behavior between the epileptic oscillation state and the low frequency firing state. Figure 8d Fig. 4 The average oscillation frequency (MFRs) of EPN with changing of Àv sr . With increasing of Àv sr , MFRs decreased gradually, which agrees with the bifurcation trend in Fig. 3a and qualitative fitting with the state bifurcation situation in Fig. 8c .
Secondly, we assume that the coupling strength v sp 1 ¼ 0 mV s. In this case, when the D is adjusted to some reasonable intervals, the seizure activity can also be controlled, shown in Fig. 9a . We give the corresponding frequency analysis results in Fig. 9b . It shows that the seizure frequency is main in the range of 2-4 Hz. A specific bifurcation diagram of / e as the function of D is obtained by setting Àv sr ¼ 1:32 mV s in Fig. 9c , which shows the transition process between the epileptic oscillation state and the simple oscillation state. Figure 9d an obvious shift between the epileptic seizure state and the low frequency oscillation state. Figure 11a is a MFRs diagram for EPN, corresponding to Fig. 10c . It is shown that the high and low oscillating frequency appeared alternately, corresponding to the transition process between the epileptic oscillation state and the low frequency oscillation state. Figure 11b simulates the MFRs of the EPN, SNr, STN, SRN and TRN, respectively. It is shown that the overall trend of MFRs for these critical populations is consistent with Fig. 11a and the bifurcation diagram Fig. 10c . We know that the state of the EPN ultimately depends on the MFRs of itself and other critical nerve nuclei, so, we hope that the Fig. 11 might further help us to understand the control mechanism of this model.
Conclusion
Epilepsy is a kind of chronic disease, it will last for years, even decades, and has serious negative impact on patient's physical, mental, marital and social economy, etc. Therefore, we should pay enough attention to the treatment of patients with epilepsy. Control is the most important strategy in the treatment of epilepsy. In this paper, based on a theoretical model, we changed the period and duration of stimulation current to study the control mechanisms of absence seizures. We can see from the numerical simulation results that seizures can be controlled effectively by turning the period and duration of current stimulation into suitable ranges. It is a very interesting bidirectional periodic adjustment phenomenon. However, the control effect is not obvious by changing the magnitude of the current. Of course, this program is also little used in clinical medicine and experimental research at present. The target choosed is the STN, which is also the most commonly used deep brain stimulation target area in clinical medicine. The current parameters P and D studied in this paper may be easily regulated by the high tech clinical experiment technology, therefore, we hope that the obtained results can provide a valuable theoretical reference for clinical and experimental research in future. Of course, in addition to the STN, many of recent studies have shown that the deep brain stimulation acted on the thalamus (Hu et al. 2017; Lehtimäki et al. 2016; Krishna et al. 2016) , SNr (Chen et al. 2014; Guo et al. 2014; , Gpe (Chen et al. 2015) , striatum (Hu et al. 2017) , etc., also have well therapeutic effect. In addition to the typical square wave current used in this paper, there are also other common employed current types, such as, the triangle function wave, the triangle wave, the coordinated reset current stimulation, etc., have been proved that may have good effects on the control of epilepsy in clinical trials. Therefore, the future theoretical research should focus on selecting of the optimal stimulus target area and stimulus programme. On the other hand, as introduced in the section of Introduction, seizures are mainly caused by abnormal interactions between the cortical and thalamic networks. Besides the coupling weight Àv sr (Fig. 3) , many other critical factors in the network, such as the delay Marten et al. 2009a, b; Chen et al. 2014) , some excitatory pathways related to SRN , etc., can also induce epilepsy. We think that the method employed in the model can be generalized to these situations, and can obtain similar control effects. At last, we should point out some limits of the model and method as follows, (1) all results are not observed directly in the experiment by now. Therefore, there still needs relative experiments to verify the rationality of them. Especially, the effective control intervals shown in Figs. 5, 6 and 7 are very narrow, whether these cases easily realized in clinical experiments are still need to be verified. On the other hand, the real brain environment is very complex for each patient, whether the effective control band for P and D can be easily found for different patients is still needed to be verified in future research. And, the scan and assessment of the control effect in the parameter plane (P,D) We should also admit that the highest stimulation frequency employed in our simulations is 10 Hz, which is not a traditional DBS frequency, and whether higher stimulation frequencies have similar effects is still needed to be verified in future. (3) The type of epilepsy shown in this model is the absence seizure. However, absence seizure may be easily controlled by drugs shown in some previous studies. The DBS as an ''invasive treatment'' method, whether it is suitable for the absence seizure, or where is his advantage compared to the drug method is still unclear, need to be considered further. (4) The mean field model is a simplified idealized model, although it is easy to realize in the calculation, at the same time, it also omits many important physiological parameters of the brain, such as, the concentration of ion channels, the connection structure between neurons, etc., should be considered resorting to the spike model in our future work. (5) Although the MFRs diagram can help us to understand the control mechanism, we found that the exact understanding on these is still difficult based on this model. (6) We should also notice that the ''control'' effect mentioned in the paper means the transition process between the seizure state (2) and three other states, rather than the transition from the epileptic seizure to the normal state. Because what the meaning of the state (1), (3) and (4) should be verified by the experiment, such as the saturated state (1) may represent an excessive firing activity even beyond that of epilepsy seizures. Fig. 11 
